Inflammatory cytokines mediate inflammatory bowel diseases (IBDs) and cytokine blocking therapies often ameliorate the disease severity. IL-32 affects inflammation by increasing the production of IL-1, TNFα, and several chemokines. Here, we investigated the role of IL-32 in intestinal inflammation by generating a transgenic (TG) mouse expressing human IL-32γ (IL-32γ TG). Although IL-32γ TG mice are healthy, constitutive serum and colonic tissue levels of TNFα are elevated. Compared with wild-type (WT) mice, IL-32γ TG mice exhibited a modestly exacerbated acute inflammation early following the initiation of dextran sodium sulfate (DSS)-induced colitis. However, after 6 d, there was less colonic inflammation, reduced tissue loss, and improved survival rate compared with WT mice. Associated with attenuated tissue damage, colonic levels of TNFα and IL-6 were significantly reduced in the IL-32γ TG mice whereas IL-10 was elevated. Cultured colon explants from IL-32γ TG mice secreted higher levels of IL-10 compared with WT mice and lower levels of TNFα and IL-6. Constitutive levels of IL-32γ itself in colonic tissues were significantly lower following DSS colitis. Although the highest level of serum IL-32γ occurred on day 3 of colitis, IL-32 was below constitutive levels on day 9. The ability of IL-32γ to increase constitutive IL-10 likely reduces TNFα, IL-6, and IL-32 itself accounting for less inflammation. In humans with ulcerative colitis (UC), serum IL-32 is elevated and colonic biopsies contain IL-32 in inflamed tissues but not in uninvolved tissues. Thus IL-32γ emerges as an example of how innate inflammation worsens as well as protects intestinal integrity.
innate immunity | intestinal barrier | Crohn's disease C rohn's disease (CD) is a chronic inflammatory disorder of the gastrointestinal tract associated with multifactorial conditions and often occurs in genetically predisposed subjects (1) . Although the mechanisms underlying CD remain unclear, a generally accepted hypothesis is that certain microorganisms trigger a dysregulated mucosal immune response, which results in intestinal tissue damage with loss of barrier function (2, 3) . The treatment of CD with neutralizing antibodies to TNFα (4) has become the mainstay for therapy in steroid-dependent patients. Ulcerative colitis (UC) also responds to anti-TNFα treatment, although less than in CD (5) . In addition to TNFα, IL-1, IL-18, and the antiinflammatory IL-10 are induced in the intestinal tract by Toll-like receptor (TLR) agonists.
IL-32 was first reported as an inducer of TNFα (6), particularly the IL-32γ isoform (7) . IL-32 also induces IL-1β, IL-6, and MIP-2 in cell lines and primary cells (6, (8) (9) (10) (11) (12) . Vector-mediated overexpression of IL-32 results in increased TNFα and IL-1β production (13, 14) . On the other hand, silencing of endogenous IL-32 by either siRNA or shRNA results in decreased IL-1β, IL-8, and TNFα production (8, 12, 15) or IL-6 induced by IL-1β (16) . Furthermore, IL-32 is present in the intestinal tissue of patients with CD (11) or UC (17) .
There are six splicing variants; IL-32γ is the most complete and most active isoform (7) . IL-32β is also active (18, 19) . The presence of IL-32 protein has been reported in synovial tissues of rheumatoid arthritis (9, 20, 21) and Mycobacterium tuberculosis infections (22, 23) . In lung biopsies from patients with emphysema, tissue levels of IL-32 and TNFα correlate (24) . IL-32 synergizes with muramyl dipeptide (MDP) for the production of IL-1β and IL-6 via the nuclear oligiomerization domain (NOD) NOD1 and NOD2 in a caspase-1-dependent pathway (11) . The effect of IL-32 was absent in the cells of patients with CD bearing the NOD2 polymorphism in CD (25) . Because IL-32 may have a pivotal role in the pathogenesis of inflammatory bowel disease (IBD), we generated a strain of mice expressing human IL-32γ and challenged these mice with dextran sodium sulfate (DSS) colitis.
Results
Generation of Human IL-32γ Transgenic (TG) Mice. Human IL-32γ was driven by the chicken β-actin promoter to express IL-32γ in all tissues (Figs. S1 A, B, and C and S2). Litters of IL-32γ TG mice were of normal size and developed without visible abnormalities or runting. Human IL-32γ was detected in the peripheral white blood cells of the TG mice (Fig. 1A) and in the liver, stomach, skeletal muscle, heart, and pancreas (Fig. S1C) . However, expression of IL-32γ was low in cerebrum, lymph node, upper intestine, kidney, testis, and thymus.
In each of 24 IL-32γ TG mice tested, constitutive serum levels of IL-32γ were 3.1 ± 0.68 ng/mL (Fig. 1B) but absent in WT mice. Since previous studies demonstrated that recombinant IL-32 induced these cytokines in vitro, as shown in Figs. 1 and 3 , constitutive production of TNFα was higher in IL-32γ TG mice than in WT mice. Constitutive TNFα and IL-10 in colonic explant cultures were also elevated compared with WT cultures. Thus, the IL-32γ TG mouse is a unique demonstration of endogenous IL-32γ induction of TNFα in vivo under nonstressed conditions. Spectrum of Disease Severity in IL-32γ TG Mice Subjected to DSS Colitis. IL-32γ TG mice and WT mice were fed a 3.5% solution of DSS in the drinking water for 5 d and observed for 14 d. All DSS-treated mice developed colitis, as indicated by weight loss and stool quality. In WT mice, DSS treatment resulted in weight loss or abnormal stools after day 5. In contrast, TG mice showed significant weight loss and rectal bleeding starting from day 4 ( Fig. 2 A and B) . However, this exacerbation in disease severity was short; after day 6, both DSS-treated groups showed similar clinical signs and weight loss as in WT. Mice were killed at day 6 and histological and immunological analyses performed. As expected, colon length in DSS-treated WT mice was significantly shorter ( Fig. 2C , P < 0.01) compared with control mice. However, in DSS-treated IL-32γ TG mice, colon length was the same as non-DSS treated control mice. Histological scoring of colonic sections showed less severe disease in IL-32γ TG mice compared with WT mice (Fig. 2D ). WT mice displayed increased inflammation upon histological examination (Fig. S3 ). By comparison, sections of the ascending and descending colon from DSS-treated IL-32γ TG mice revealed less edema, reduced epithelial cell damage, and a lower number of infiltrating leukocytes. Consistent with the histological data, WT mice died or had to be killed within 11 d because of severe loss of body weight (>30%), whereas 33% of IL-32γ TG mice survived and recovered (Fig. S4 ). These observations suggest that IL-32γ expression in DSS colitis accelerates the healing process.
Proinflammatory Cytokines and IL-10 Expression During DSS-Induced
Colitis in IL-32γ TG Mice. As shown in Fig. 3A , the tissue content of TNFα on day 6 was significantly greater in both ascending and descending colons of DSS-treated WT compared with DSStreated IL-32γ TG mice. A similar difference was observed in the rectum but did not reach statistical significance. Unexpectedly, in IL-32γ TG mice not subjected to DSS colitis, levels of constitutive TNFα were higher in rectal tissue compared with WT mice (Fig. 3A, Right) . Although the levels of IL-6 in colons increased by DSS treatment (Fig. 3B) , the IL-6 concentration was comparable in IL-32γ TG to WT mice. However, in the rectum, there was a significant reduction in IL-6 in IL-32γ TG mice compared with WT mice, as was the case with TNFα (Fig. 3A) .
In the case of IL-10 production, there was no difference in DSS-treated WT or IL-32γ TG mice in ascending or descending colons (Fig. 3C , Left and Center) as well as in the rectum (Fig.  3C , Right). However, constitutive IL-10 production was greater in the rectum of IL-32γ TG mice compared with WT mice (Fig.  3C , Right).
On day 6, explants of colon segments were incubated in serumfree RPMI1640 medium for 24 h and cytokine concentrations were determined in the supernatant. There were no differences in the secretion of TNFα in WT or IL-32γ TG mice subjected to DSS colitis. The level of IL-6 in supernatant from two parts of colons of DSS-treated IL-32γ TG mice was significantly lower than in DSS-treated WT mice (Fig. 4A ).As shown in Fig. 4B , IL-10 in supernatant of cultured colon explants was higher in IL-32γ TG ascending colons following DSS treatment but was not statistically significant (Fig. 4B, Left) . Spontaneous IL-10 secretion in descending colons of IL-32γ TG mice was significantly higher than WT mice (P < 0.01). These observations suggest that IL-32γ appears to increase constitutive IL-10 production (also Fig. 3C , Right), which may account for improved outcome as well as lower TNFα and IL-6 production. Values are means ± SEM (n = 6 per group). *P < 0.05; **P < 0.01; ***P < 0.001 WT versus IL-32γ TG mice (n = 24 per group). Support for this concept can be found in Fig. 5 . We determined circulating cytokines in DSS-treated mice at day 6. As shown in Fig. 5 A and B, TNFα and IL-6 levels were significantly increased in DSS-treated WT mice but impressively reduced in IL-32γ TG mice. IL-10 was not detected in these sera.
IL-32 Production in IL-32 TG Mice Decreases with DSS Colitis. On day 6, after 5 d of DSS, ascending, descending, and rectal colons were stained with anti-IL-32 antibodies. As shown in Fig. 6A , IL-32γ was expressed in the mucosa, muscular layers, and in the lamina propria. In the lamina propria, IL-32γ was observed in macrophages and T cells. Similar to the decreased levels of TNFα, staining of IL-32γ was less in DSS-treated IL-32γ TG mice (P < 0.05) compared with non-DSS IL-32γ TG mice (Fig.   6A ). IL-32γ was ≈50% lower in the ascending colon of DSStreated TG mice compared with TG mice not subjected to the inflammatory stimulus of the colitis (Fig. 6B) . The decrease in IL-32γ associated with DSS is similar to the decrease observed in TNFα (Fig. 3A) .
By Western blotting, there was a similar down-regulation of IL-32γ associated with the inflammatory process compared with constitutive expression of IL-32γ. Consistent with these data, serum levels of IL-32γ during DSS-induced colitis progressively decreased from a maximal elevation on day 3 to levels below those of constitutive expression (Fig. 6D) . levels from healthy, age-matched subjects (Fig. 7A) . Immunohistochemical staining of inflamed tissue from these patients revealed the presence of IL-32 but its absence in uninvolved areas of the colon of the same patients (Fig. 7B) .
IL-32 Expression in

Discussion
Characterization of the IL-32γ TG Mouse. The disadvantage of constitutive expression of a proinflammatory transgene in vivo is an exaggerated effect of the gene. Nevertheless, we generated mice using constitutive expression of IL-32γ to confirm its TNFα-inducing effects in a whole animal. Although the IL-32γ TG mice appear healthy, levels of constitutive TNFα were elevated in the circulation and tissues of IL-32γ TG mice. In many ways, thus is a confirmation of the ability of recombinant IL-32γ in inducing cytokines such as TNFα, an observation of the original report on the properties of IL-32 (6) . Subsequently, several studies have confirmed the ability of recombinant IL-32 in the induction of TNFα as well as IL-1β and chemokines either alone but also with costimulants such as other cytokines or TLR2 agonists, but particularly with the NOD2 ligand MDP (11) . In a recent study, using an adenoviral delivery vector, IL-32γ induced TNFα and IL-1β but also increased expression of NOD2 and TLR2 (13) .
Role of Endogenous IL-32 in Regulating Innate Responses in DSS
Colitis. Despite the constitutive expression of TNFα in these mice, the innate immune/inflammatory response must be balanced by the coexpression of IL-10. Several studies have also shown the regulation of inflammatory cytokines by reducing endogenous IL-32 with siRNA or shRNA. For example, in stable clones of IL-32 shRNA in the human macrophage cell line THP-1, both LPS and IL-1β-induced production of TNFα and IL-8 were markedly reduced compared with clones of scrambled shRNA (15) . Suppression of endogenous IL-32 in THP-1 cells also resulted in decreased cytokines induced by live infection (8) . When endogenous IL-32 was silenced in freshly isolated human peripheral blood mononuclear cells (PBMC) with IL-32 siRNA, IL-6, IFNγ, and TNFα were reduced by 57, 51, and 36%, respectively (12) . In that study, the inhibitory activity of IL-32 siRNA targeted Th1 cytokines and the chemokines MIP-1α and MIP-1β (12) . In human endothelial cells, silencing of endogenous IL-32 resulted in a reduction of constitutive as well as IL-1β-induced intercellular adhesion molecule-1 by 55 and 54%, respectively (16) . In addition, there was a decrease of constitutive as well as IL-1β-induced IL-1α, (of 62 and 43%), IL-6 (of 53 and 43%), and IL-8 (of 46 and 42%) (16) .
The injection of stable porcine kidney PK-15 cells expressing human IL-32β inhibited the cytotoxic T lymphocyte following cellular xenografts into mice (26) , suggesting an immunosuppressive property of IL-32β. In support of this concept, monocytes from human PBMC were differentiated into dendritic cells (DC) and stimulated with lypopolysaccharides (LPS). Gene expression of IL-32β paralleled the secretion of IL-10 reaching levels of 5-6 ng/mL between 24 and 48 h (18) . Silencing of endogenous IL-32 in LPS-stimulated DC cells resulted in a 50% decrease in IL-10 production compared with scrambled siRNA (18) .
DSS Colitis in IL-32γ TG Mice. In the present study, we sought to characterize a role for IL-32 in IBD because IL-32 has been implicated in CD (11) as well as in UC (17) . Because CD is often treated with neutralizing anti-TNFα antibodies and because of the role of endogenous IL-32 in the induction of TNFα, we expected that IL-32γ TG mice would exhibit an exaggerated course of colitis when subjected to DSS. We postulated that the responses to DSS in the inflamed intestinal epithelium would be amplified by IL-32γ-induced TNFα secretion from monocytes stimulated by IL-32γ from the intestinal epithelial cells (17) . Indeed, the severity of the model during the early phase of DSS colitis was modestly exacerbated. Unexpectedly, however, disease severity indices were lower in the transgenic mice in the last days compared with colitis in the WT mice. With prolonged exposure to DSS, survival in IL-32γ TG mice was greater than WT mice. Tissue injury and healing were also improved and levels of TNFα, IL-6, and IL-32γ itself were lower. It became clear that constitutive expression of IL-32γ in these mice had two different properties: one expected induction of constitutive TNFα and the other unexpected constitutive elevation in IL-10.
Role of IL-10 in IL-32γ TG Mice. IL-10 reduced inflammatory cytokine production (27) and a CD-like colitis spontaneously developed in mice deficient in IL- 10 (22) . That constitutive levels of IL-10 were observed in IL-32γ TG mice may explain the protection in DSS colitis. Thus the reduction in inflammation in IL-32γ TG mice may be due to IL-10 suppression of TLR-induced TNFα and IL-6. Although LPS-induced endogenous IL-32β in human DCs increases IL-10 production (18), it is unlikely that administration of recombinant IL-32β can be exploited therapeutically to induce IL-10 without its proinflammatory effects (19) .
Protective Role for TNFα in the Innate Response of the Intestinal
Barrier. Although TNFα is considered clinically causative in IBD, mice deficient in TNFα exhibit enhanced intestinal inflammation during DSS colitis and 40% more deaths compared with no deaths in WT mice (28) . Also, the absence of TNFα results in a lack of colonic glucocorticoid synthesis and there is exacerbation of DSS-induced colitis (29) . TNFα-deficient mice also had increased infiltration of mucosal neutrophils and disruption of the epithelial cell layer (28) . In support of these studies, mice deficient in TNF receptor type 1 exhibited greater inflammation with DSS colitis, indicating that signaling from this receptor suppresses acute damage and provides homeostasis of colonic epithelial cells (30) .
Role for IL-32 in NOD2 Protection of the Intestinal Barrier. NOD2 is a CD susceptibility gene and IL-32 participates in the intracellular signal pathway through peptidoglycan motifs (11) . IL-32 acts with MDP for the induction of IL-1β and IL-6 production, which is mediated by caspase-1 (11). As stated above, using an adenoviral delivery vector, IL-32γ increased expression of NOD2 and TLR2 (13) . Silencing of endogenous NOD1 resulted in a reduction of IL-32 but also of IL-1β, IL-6, IL-8, and ICAM-1 (31) . In summary, the in vivo effect of IL-32γ expression during DSS colitis exhibits the dual function of innate responses in the intestine. The induction of constitutive TNFα as well as IL-10 by IL-32 appears to be consistent with control of inflammatory cytokines by NOD2 and protection of the barrier (32). 
Materials and Methods
Generation of IL-32γ TG Mice. The ORF of IL-32γ cDNA was transferred into pCAGGS (Fig. S1 ). The entire sequence was then linearized with SalI and microinjected into mouse zygotes of the C57BL/6 strain. The transgenic mice showed no obvious physical abnormalities and were screened by RT-PCR of whole blood RNA (Qiagen). The peripheral blood leukocytes were separated from heparinized blood using RBC lysis buffer (0.17 M Tris-Cl pH 7.4, 0.83% NH 4 Cl). Control mice were the wild-type littermates. All animal procedures were reviewed and approved by the Konkuk University Animal Care Committee.
Induction of Colitis and Analysis. Male mice of 10-12 wk were used. DSS (MP Biomedicals) was supplied in the drinking water as a 3.5% solution for 5 d. At regular time intervals, the mice were evaluated as described previously (33) . Mice were anesthetized, killed, and large intestines (from cecum to anus) were quickly removed. Segments from each tissue were excised and immediately frozen and stored at −80°C until thawed later for homogenization. Segments were also stored in OCT compound for cryosection. Sections were scored as described (33) .
Colonic Tissue Cytokines. The colons were homogenized in lysis buffer (Cell Signaling) using a tissue tearer (BioSpec Products). Following clarification by centrifugation, cytokine levels were measured by cytokine-specific ELISA (R&D Systems). Protein concentrations of the homogenate were quantified by a BCA assay (Thermo). Details of the ELISA for human IL-32γ are given in SI Materials and Methods.
Colon Explant Cultures. Segments of the colon (2 cm) were removed, cut open longitudinally, and washed in PBS, placed in 6-well culture plates containing 2 mL fresh RPMI (Invitrogen) supplemented with penicillin and streptomycin, and incubated at 37°C for 24 h. Culture supernatants were harvested and assayed for cytokines.
Western Blotting. Samples were immunoblotted with affinity-purified goat anti-human IL-32γ antibody and a rabbit antibody against β-actin (Santa Cruz Biotechnology) as described (7) .
Patient Plasma and Tissue Samples. These studies were approved by Konkuk University Hospital Institutional Review Board. Blood from patients was collected in heparinized tubes, the plasma separated by centrifugation and stored at -80°C. After informed consent, biopsy samples were obtained at colonoscopy. Tissue samples were frozen in OCT (Ames), cut, air dried, fixed, and used for histological evaluation.
Statistical Analysis. Statistical significance was analyzed by unpaired, twotailed Student's t test. Significance of Kaplan and Meier survival curves was calculated with the log-rank test using Prism 5 (Graphpad).
